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Outline

• Basic Ideas

• Materials Specifications for High Frustration

• Spin Liquid and Spin Ice in Gd, Dy systems

• Need for Different Probe – Magnetic X-rays?
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1st Materials Specification – Triangle Subunit
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G e o m e t r i c a l  F r u s t r a t i o n  i s s p e c t r a l  w e i g h t  d o w n s h i f t

A. Ramirez, in Handbook of Magnetic Materials, 2001
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2nd Materials Criterion – Marginal Constraint
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Triangle
DM/N = 1

Triangular lattice
DM/N = -2

+

-

F o r  v e c t o r  s p i n s

e.g., in 2 Dimensions

Kagome 
DM/N = 0

-

∴∴ N e e d  a  m a r g i n a l l y - c o n s t r a i n e d  s y s t e m  i n  g e n e r a l

R. Moessner &  J. Chalker, Phys. Rev. B, 1998
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FCC
DM/N = -2

Pyrochlore
DM/N = 1

Tetrahedron
DM/N = 5

R o l e  o f  U n d e r c o n s t r a i n t i n  3  D i m e n s i o n s
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T h e  M a j o r  F r u s t r a t i n g  L a t t i c e s
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3rd Materials Specification – Isotropic Spin



SCE: NSLSII - BNL/Aug 29, 2003

Liebmann, 1980

F r u s t r a t i o n  P o i n t  A c h i e v e d  o n l y  w i t h  M o s t  
I s o t r o p i c  I n t e r a c t i o n s
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W h a t  a r e  t h e  M o s t  I s o t r o p i c  S p i n s *

* in octahedral crystal field
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W h y  F o c u s  o n  R a r e - E a r t h  S p i n s ?

Accessible phase diagrams –

HZeeman (achievable) ~ Jnn

3d-spins – superexchange dominates – 10 K < Jnn < 1000K

4f-spins – sup. exch. Or dipole-dipole – 0.1K < Jnn < 10K
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H a l l m a r k  o f  g e o m e t r i c a l  f r u s t r a t i o n  - S p e c t r a l  
W e i g h t  D o w n s h i f t

Common magnet

Entropy

Tmf

GFM

Density of states
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New Condensed Matter Physics From Frustrated 
Magnets
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S p e c t r a l  w e i g h t  d o w n s h i f t  i n  a  k a g o m e  m a g n e t  -
S r C r 9 G a 3 O 1 9

A. P. Ramirez et al, Phys. Rev. Lett., (1990)

SrCr9Ga3O19

S = 3/2

θW = -500K

• Chromium

! !  a  s t r o n g l y - i n t e r a c t i n g  s y s t e m  ! !
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Exact diagonalization, N = 27

P. Sindzingre et al., Phys. 
Rev. Lett., 2000

SrCr9Ga3O19

S = 3/2

θW = -500K
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Gd3Ga5O12 (GGG) – The Hyperkagome Structure
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G G G  – T w o  i n t e r p e n e t r a t i n g  l a t t i c e s  o f  c o r n e r -
s h a r i n g  t r i a n g l e s  o f  G d
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L o s s  o f  s h e a r  m o d e  i n  G G G  – E v i d e n c e  o f  S p i n  
L i q u i d

P. Schiffer et al., Phys. Rev. Lett., 1994, 1999
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Gd2Ti2O7 – A Dipolar Heisenberg Pyrochlore



SCE: NSLSII - BNL/Aug 29, 2003

-10 0 10 20 30 40 50
0

2

4

6

8

Gd
2
Ti

2
O

7

1
/χ

 (
e

m
u

/m
o

le
G

d
)

Temperature (K)

0 2 4
0

5

 

 

T (K)

 C/T (J/moleK2)
 C (J/moleK)

0

5

10  crystal
 powder #1
 powder #2

H = 0

0.0 0.5 1.0 1.5
0

5

10

 H=2.5T
 H=3.5T

 H=5T (-0.5J/moleK2)

 

Temperature (K)

C
/T

 (
J/

m
ol

eK
2 )

M a g n e t i c  F i e l d / G F  C o m p e t i t i o n  i n  a  D i p o l a r  
P y r o c h l o r e  M a g n e t  G d 2 T i 2 O 7

A. Ramirez et al., Phys. Rev. Lett., 2002



SCE: NSLSII - BNL/Aug 29, 2003

G d 2 T i 2 O 7
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Ramirez et al., Phys. Rev. Lett., 2002

P o s s i b l e  s p i n  
n e m a t i c  p h a s e ?
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Dy2Ti2O7 – An Ising Pyrochlore
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Wannier, PR 79, 357 (1950)

Houtappel, Physica, 16, 425 (1950).

For the Ising triang. AF,

S0 = 0.323R = 0.47S∞

G e o m e t r i c a l  F r u s t r a t i o n  f o r  2 D  I s i n g s p i n s
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Pauling, The Nature of the Chemical Bond

S0 = Rln3/2

E x a m p l e  o f  G e o m e t r i c a l  F r u s t r a t i o n  – I c e  &  S p i n  
I c e

S = ½, FM

B-spinel, or pyrochlore

H

O

M. Harris, S. Bramwell, et al. PRL, 1997
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S p e c i f i c  h e a t  - I s i n g  s  =  1 / 2  p y r o c h l o r e  w i t h  F M  
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A. Ramirez et al., Nature, 1999

O b s e r v a t i o n  o f  Z e r o  P o i n t  d i s o r d e r  i n  S p i n  I c e
D y 2 T i 2 O 7
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C r y s t a l  S t r u c t u r e s  o f  H 2 O

Ice IX Ice X
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A. Ramirez et al., Nature, 1999

Hig h - f i e l d  b e h a v i o r  o f  s p e c i f i c  h e a t
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Conclusions

• Completely new and poorly understood phases of 
strongly correlated matter exist in GFMs:

spin-liquid
spin-nematic
spin-ice

• These states, and field-probes dictate study of 
Gd, Dy compounds.

• Neutrons are inadequate – need to measure same 
samples used in bulk measurements.

∴∴ Need to look at other techniques – magnetic x-
rays?
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